Objective: High altitude (HA) provokes a variety of endocrine adaptive processes. We investigated the impact of HA on ghrelin levels and the GH/IGF axis. Design: Observational study as part of a medical multidisciplinary project in a mountainous environment. Methods: Thirty-three probands (12 females) were investigated at three timepoints during ascent to HA (A: d K42, 120 m; B: d C4, 3440 m; C: d C14, 5050 m). The following parameters were obtained: ghrelin; GH; GH-binding protein (GHBP); IGF1; IGF2; IGF-binding proteins (IGFBPs) -1, -2, and -3; acid-labile subunit (ALS); and insulin. Weight was monitored and general well being assessed using the Lake Louise acute mountain sickness (AMS) score. Results: Ghrelin (150 vs 111 pg/ml; P!0.01) and GH (3.4 vs 1.7 mg/l; P!0.01) were significantly higher at timepoint C compared with A whereas GHBP, IGF1, IGF2, IGFBP3, ALS, and insulin levels did not change. IGFBP1 (58 vs 47 mg/l; P!0.05) and, even more pronounced, IGFBP2 (1141 vs 615 mg/l; P!0.001) increased significantly. No correlation, neither sex-specific nor in the total group, between individual weight loss (females: K2.1 kg; males: K5.1 kg) and rise in ghrelin was found. Five of the subjects did not reach investigation point C due to AMS. Conclusions: After 14 days of exposure to HA, we observed a significant ghrelin and GH increase without changes in GHBP, IGF1, IGF2, IGFBP3, ALS, and insulin. Higher GH seems to be needed for acute metabolic effects rather than IGF/IGFBP3 generation. Increased IGFBP1 and -2 may reflect effects from HA on IGF bioavailability.
Introduction
Adaptation to high altitude (HA) involves complex changes in metabolic and endocrine functions. According to its central role in regulation of substrate metabolism and anabolism, the GH axis under increased physical stress deserves specific consideration.
GH secretion is regulated by GHRH whose effects are opposed by somatostatin and diverse GH-releasing peptides, so-called GH secretagogues. Ghrelin seems to play a central role in GH regulation as well as in central energy balance, increasing appetite, food intake, and lipogenesis, hence promoting a positive energy balance (1, 2) . Ghrelin acts on GH release both via direct stimulation and via promoting GHRH stimulation (3, 4) .
GH is bound to GH-binding protein (GHBP) in plasma and exerts its effects both directly and via insulin-like growth factor (IGF) -1 generation. Apart from absolute IGF1 levels regulated by GH, levels of free unbound IGF, i.e. IGF1 bioavailability, depend on their interplay with IGF-binding proteins (IGFBP). The fraction of free IGF1 in the circulation lies under 1% whereas 99% is bound to IGFBPs, mainly IGFBP3, forming a ternary complex with acid-labile subunit (ALS). While IGF/IGFBP3/ALS complexes represent a stable IGF reservoir in plasma, IGF1 is more easily released from binary complexes with IGFBP1 and -2 (5, 6), the latter having specific affinity for IGF2 (7) . Hence, alterations of these binding proteins play an important role in fine-tuning IGF bioavailability and may be needed to protect the organism from hypoglycemia (8, 9) . In addition, decreased IGF bioavailability may serve to redirect energy resources toward essential metabolic processes under conditions of limited substrate supply (10) .
Studies performed at HA or under hypobaric/hypoxic conditions simulating HA have revealed conflicting results as study designs are rarely comparable regarding altitude, time of exposure to HA, number of subjects, and individual training status. In addition, metabolic adaptations at HA may be influenced by weight loss, which is a well-known consequence depending on duration of exposure and the altitude reached, hence the magnitude of altitude hypoxia. It is assumed to result from complex interactions between decreased food intake, increase of the basal metabolic rate, negative energy balance, impaired intestinal function, changes in body composition, and loss of body water (11) .
Ghrelin plasma levels are inversely correlated with weight: weight loss leads to an increase in ghrelin plasma levels, whereas weight gain leads to a decrease (2) . Accordingly, an increase in ghrelin levels associated with weight loss during exposure to HA would be expected. However, two studies investigating ghrelin adaptation to HA found a 30% decrease in ghrelin plasma levels in 30 lowlanders 48 h after being taken to 4300 m (12) , and unchanged ghrelin levels among nine elite climbers after exposure to very HA respectively (13) . Hence, as weight loss is an inevitable consequence from ascent to HA, it may be difficult to discriminate between secondary effects due to weight loss and direct change of endocrine regulation, e.g. by hypobaric hypoxia. Impedingly, exposure to an extreme condition such as very HA has a limiting effect on the experimental design. Elimination of confounding factors like interindividual caloric intake or different physical activity would be desirable but is hardly feasible.
We performed a comprehensive study on the GH axis in a group of 33 volunteers during ascent to very HA. Analyzed parameters comprised ghrelin, GH, GHBP, IGF1, IGF2, IGFBP1, -2, -3, ALS, and insulin. We hypothesized that during ascent to HA, ghrelin levels would increase with potential effects on GH release to compensate for higher energy demands. In addition, we expected specific changes in IGFs and IGFBPs with a possible impact on IGF bioavailability. ), but none of them was obese. Exclusion criteria comprised a stay at HA during the last 6 months and any medication. All probands gave their written informed consent. The protocol was approved by the ethics committee of the Medical University of Vienna.
Materials and methods

Study description
Medical research teams from several sub-specialities took part in the study, which was designed to explore various aspects of HA medicine. Results from this study on melatonin, adrenomedullin, and brain natriuretic peptide changes at HA have already been published (14, 15, 16) .
Baseline investigations (A) were performed at 120 m above sea level (SL) (Herxheim, Germany). Six weeks later, the subjects went to an altitude of 1400 m (Kathmandu, Nepal). To obtain two groups of the same size, subjects were assigned to either the trekking team (TT, nZ17) or the climbing team (CT, nZ16), taking into account the individual level of physical fitness and personal preference. Gender distribution showed a preponderance of females in the TT (8/17) compared with the CT (4/16) and a higher median age in TT (median age 43 years; range 19-65 years) vs CT (median age 35.5 years; range 23-63 years). BMI was similar in both groups (mean BMI 23.2G2.5 kg/m 2 in TT; mean BMI 23.6G2.2 kg/m 2 in CT). Three out of seven overweight subjects with BMI O25 kg/m 2 were in the TT and 4/7 in the CT groups. They were airlifted to an altitude of 2840 m (Lukla, Nepal), with the CT starting 1 day earlier. The further ascent was by foot. On day 4, investigation B was performed at an altitude of 3440 m (Namche Bazaar, Nepal). During the following days, the TT hiked along the Gokyo valley, whereas the CT attempted to climb the Island peak. Daily physical activity was moderate at 6-8 h. TT and CT did not differ concerning overnight altitudes (Fig. 1) , only with regard to maximal altitudes reached (TT 5050 m; CT 5400-5900 m). Nine days later, both teams arrived at the 'Silver Pyramid' (Italian-Nepalesian Research Center Ev-K2-CNR, Lobuche, 5050 m) where investigation C was performed (day 14).
Time in bed lasted from 2200 h until 0600 h. After a phase of acclimatization lasting for w1 week, participants reported satisfactory sleep quality. Due to altitude diuresis, each subject had to get up two to three times per night.
Food intake was analyzed on the basis of dietary recall protocols over 2 days. A typical diet, based on average portion sizes (females !1; males !1.25) and ad libitum fluid intake, provided w2780 kcal/day in females and w3480 kcal/day in males. Protein content was w13%, fat w27%, and carbohydrate w60%.
Investigations were performed 36 h after arrival at medium/HA, allowing 1 day for resting without physical exertion or altitude change. Fasting venous blood samples were taken in the morning between 0600 and 0700 h (12 h after dinner) in a sitting position after a resting period of at least 15 min. Serum was separated immediately by centrifugation and stored frozen (K20 8C) until analysis within 3 months.
The following parameters were evaluated: ghrelin, GH, GHBP, IGF1, IGF2, IGFBP1, IGFBP2, IGFBP3, ALS, and insulin. General well being was monitored daily using the Lake Louise acute mountain sickness (AMS) score. This self-assessment questionnaire for early detection of AMS estimates the degree (0-3; 0Znone; 3Zsevere) of headache, appetite/nausea, weakness, dizziness, sleeping problems, and overall effect on activities, considering a score R3 as positive (17) .
Apart from body weight, the probands' urinary output, urinary osmolality, hematocrit, protein, and lactate levels were measured to monitor hemoconcentration and alterations of aerobic/anaerobic metabolism.
Biochemical analysis
Plasma immunoreactive ghrelin was measured using an iodine-125-labeled bioactive ghrelin tracer and a rabbit polyclonal antibody raised against full-length octanoylated human ghrelin, showing 100% crossreactivity with des-acyl ghrelin (Peninsula Laboratories, Inc., Belmont, CA, USA). The lower and upper limits of the assay were 20 and 2000 pg/ml respectively. The intra-and interassay coefficients of variation (CV) were 4.1 and 12.0% respectively. Serum GH was determined by IRMA using two MABs, one of which was labeled with iodine-125 (Biochem Immunosystems, Guidonia Montecelio, Roma, Italy). The sensitivity of the assay was 0.07 mg/l, and the intraassay and interassay CV were 5 and 4.5% respectively. GHBP was measured using an iodine-125-labeled GHBP tracer and a rabbit polyclonal antibody according to Blum et al. (18) . Inter-and intra-assay CV were 11.1 and 5% respectively.
IGF1 was determined using an iodine-125-labeled IGF1 tracer and a specific polyclonal antibody as described before (19) . Serum samples were extracted by acid-ethanol and diluted 1:20 before assay. The intra-assay CV was 11.8% and the interassay CV was 12%.
For IGF2 determination, a coated-tube IRMA was used (DSL-9100; Diagnostic System Laboratories, Webster, TX, USA). Sensitivity was 12 ng/ml, the intra-assay and interassay CV were 7 and 10% respectively. IGFBP1 was measured by ELISA (DSL-10-7800, Diagnostic System Laboratories). Sensitivity was 0.25 ng/ml and the intra-assay and interassay CV were 5 and 8% respectively. IGFBP2 concentrations were determined by a doubleantibody RIA kit (DSL 7100; Diagnostic System Laboratories). Intra-assay and interassay CV were 9 and 7% respectively. IGFBP3 levels were analyzed by RIA (Mediagnost, Tü bingen, Germany). The sensitivity of the assay was 0.06 mg/l. The intra-and interassay CV were 8.5 and 11% respectively.
ALS was determined by ELISA (DSL-10-8200; Diagnostic System Laboratories). Minimal detection limit was 0.07 mg/ml. The intra-and interassay CV were 6 and 9% respectively.
Insulin was measured with an automated immunochemiluminometric (ICL) assay (ADVIA Centaur insulin assay; Bayer Diagnostics). Sensitivity was 3.6 pmol/l (0.5 mIU/l). The intra-and interassay CV were 4.7 and 5.3% respectively.
For all commercial ELISA, RIA, IRMA, and ICL methods used, the procedures for the assays were followed as specified by the supplier. Each proband's samples were measured in duplicates in the same assay.
Statistical analysis
For comparison between groups, the unpaired t-test was used. Comparison within groups, i.e. individual subjects at timepoints A, B, and C, was done by paired t-test (B vs A; C vs A; C vs B). A subanalysis was performed to look for sex-specific differences, comparing females and males at different timepoints. In order to take into account the multiple testing scenarios, P values were adjusted for multiple testing by false discovery rate method using 'proc multtest', SAS version 9.2 (SAS Institute, Inc., Cary, NC, USA).
Associations between changes in different parameters at timepoints A and C were tested by Spearman's correlation coefficient. The corresponding changes were calculated by dividing the value observed at timepoint A by the value at timepoint C.
Results
General well being/AMS score
Characteristics of the study population are presented in Table 1 . All 33 probands reached investigation timepoint B at 3440 m. Four days later, five subjects from the TT (4 females) had to return because of AMS symptoms (AMS score R3) and could not be investigated at timepoint C.
Effects of HA on weight, hemoconcentration parameters, and lactate A significant weight loss (overall K4.3G1.9 kg; K5.8%) occurred during the study period: mean weight at timepoint C was 61.3G7.8 kg in females (K2.1G1.5 kg or K3.3% compared with A) and 72.8G6.7 kg in males (K5.1G1.5 kg or K6.5% compared with A; Table 1 ). One out of eight female (BMI 27 kg/m 2 ) and 3/20 male subjects (BMI 25.5G0.2 kg/m 2 ) were still overweight at timepoint C. Urinary output increased, associated with a decrease in urinary osmolality and an increase in plasma protein levels. Hematocrit was stable and lactate levels did not change (Table 2 ).
Ghrelin and GH levels
We observed a significant increase in ghrelin (C35% vs baseline; P!0.01) and GH levels (C100% vs baseline; P!0.05) at timepoint C (Table 3) . On an individual basis, an increase in ghrelin exceeding the intra-assay CV occurred in 68%. Similarly, a GH increase was present in 75% of the probands. No significant changes were observed for either hormone from baseline to timepoint B. Ghrelin levels in the overweight subjects (timepoint A: 101G59 pg/ml; timepoint C: 160 G110 pg/ml) were similar compared with the whole group. Separate analysis of ghrelin and GH in both sexes revealed that while males showed a significant increase in ghrelin and GH at timepoint C compared with baseline (P!0.05), females did not (Table 4) .
Correlation between weight loss and ghrelin
No correlation between individual weight loss and change in ghrelin levels at timepoint C, neither in the whole group (rZK0.03; PZ0.89) nor in the female (rZ0.11)/male (rZ0.06) subgroups, was ascertainable. In addition, no differences were found by analyzing TT (rZK0.23; PZ0.47) and CT (rZ0.12; PZ0.69) separately.
GHBP, IGF1, IGF2, IGFBP1, IGFBP2, IGFBP3, ALS, and insulin
A significant rise in IGFBP1 and -2 occurred at timepoint B (P!0.01) and timepoint C (P!0.05 and !0.01 respectively). No significant change in GHBP, IGF1, IGF2, IGFBP3, or ALS was seen (Table 3) . IGF1 showed a trend toward decrease at timepoint C compared with timepoint B (PZ0.067). Insulin levels remained unchanged. Correlation analysis revealed significant inverse relationships between insulin and IGFBP1 (rZK0.56; P!0.01) as well as between insulin and IGFBP2 (rZK0.39; P!0.05), comparing timepoint C to baseline.
Discussion
Our study on 33 subjects during ascent to HA revealed a series of conclusive adaptations of the GH axis associated with physical stress in a hypobaric hypoxic environment: i) an increase in ghrelin, ii) an increase in GH, and iii) an increase in IGFBP1 and -2. GHBP, IGF1, IGF2, IGFBP3, ALS, and insulin levels did not change after 2 weeks of exposure to HA. Still, with regard to the interplay between effector hormones and their binding proteins, changes in bioavailability of the latter have to be assumed.
The expected rise in ghrelin levels promoting a positive energy balance can be explained by known physiological mechanisms. Most importantly, weight loss associated with an anorexic condition has an increasing effect on ghrelin levels. Accordingly, it has been shown that a ghrelin rise occurs before or in the expectation of a meal and that lean subjects have higher ghrelin levels than obese ones (1, 2, 20) . Furthermore, ghrelin is a potent vasodilator and has been shown to play a role in regulation of vascular tone (21) . In accordance, studies on rats have demonstrated that exogenous ghrelin attenuates chronic hypoxia-induced pulmonary arterial hypertension and prevents an increase in cardiac sympathetic tone following myocardial infarction (22, 23) , suggesting a specific role to ameliorate vascular supply by vasodilator effects under hypoxic conditions. So far, there are only two comparable studies investigating ghrelin at HA. In contrast to our study, both investigated only males. Shukla et al. (12) studied 30 lowlanders 48 h after ascent to 4300 m and found a 30% decrease in ghrelin levels. However, time of exposure to HA (4300 m) was limited and baseline investigations were performed at a similar altitude level (3600 m), which may potentially have had an effect on their findings. Benso et al. (13) investigated a broad spectrum of hormonal parameters in nine elite climbers at 5200 m, shortly after exposure to extreme altitude (7500-8848 m; mean 8615 m), compared with SL baseline results. In contrast to their expectation that ghrelin would rise, particularly in view of an average weight loss of K5 kg, they found no change in ghrelin levels. Nevertheless, individual results in this small group of probands were very heterogeneous. Besides, the critical investigation was performed after expeditious descent (approximately K3400 m) from extreme altitude. It is not clear whether these dynamics of altitude change may have had an additional influence on their results. Body weight reduction without a change in ghrelin levels was also observed in a recent study on 20 male subjects investigated 1 week after exposure to HA (24) . However, these subjects were obese (BMI 33.7 kg/m 2 ) and altitude only moderate (2650 m), rendering conclusive comparison difficult.
Former studies investigating GH at HA have revealed that GH levels and GH response to GHRH or exercise rise under hypoxic conditions (25, 26, 27) . We also found a significant increase in GH. It is well known that GH is needed for increased substrate supply and anabolic effects, acting both directly and via IGF1 generation. The rise in ghrelin may be one mechanism to explain the GH increase in our probands as ghrelin stimulates GH release directly, by increasing GHRH and by optimizing responsiveness of somatotrophic cells to GHRH (3, 4) .
As ghrelin levels are sexually dimorphic (28), we performed a separate analysis of ghrelin and GH looking for sex-specific differences. However, baseline levels were similar, and although there was an overall rise in ghrelin and GH throughout ascent to HA in both sexes, their rise was significant only in males (nZ21). The lack of significance in females may have been due to the small number of women who completed the trek (nZ8).
Although a significant weight loss and a rise in ghrelin levels occurred in the whole group, no correlation could be observed on an individual level. Thus, it seems that a subject's individual change in ghrelin at HA may be influenced by additional factors such as level of physical exertion or different effects from hypoxia impacting on counter-regulatory hormonal mechanisms.
GHBP constitutes the soluble isoform of the GH receptor and plays a role in regulating bioavailability of GH. When estimating free GH using ultrafiltration by centrifugation to retain GHBP, Frystyk et al. (29) found a positive correlation between total and free GH and an inverse relation between free GH and GHBP. In our study population, GHBP levels remained unchanged whereas GH increased significantly. Accordingly, the lack of change in GHBP may have enhanced bioavailable GH.
Former studies, investigating either HA natives or climbers exposed to HA for 2 months, have shown increased IGF1 and IGFBP3 at HA (13, 26) . In contrast, studies on short-term effects from exercise under hypoxic conditions revealed either no significant change or a decrease in IGF1 respectively (25, 27) . In our probands, IGF1 and IGFBP3 levels showed a minor, nonsignificant decrease or remained stable respectively. In addition, ALS did not change. It has been suggested that short-term severe physical stress increases GH secretion, which is used for immediate nutrient supply rather than IGF1 generation (27) . Therefore, our findings support the hypothesis that the high energy demands at HA may have overridden effects from elevated GH on IGF1 and IGFBP3 generation.
Nevertheless, it has to be considered that total serum IGF1 levels do not reflect their bioavailability that is finetuned in a complex interplay of different IGFBPs. In our probands, both IGFBP1 and, even more pronounced, IGFBP2 showed a significant increase during ascent to HA. Physiologically, IGFBP1 and IGFBP2 have been found to counteract insulin effects by decreasing IGF bioavailability and hence insulin-like IGF actions that would promote hypoglycemia (8, 9) . Both IGFBPs show a negative correlation with insulin, IGFBP1 playing a (30, 31) . Similar mechanisms have been postulated to explain the even higher rise in IGFBP2 levels compared with IGFBP1 in placentas and cord blood from IUGR newborns, decreasing IGF bioavailability as an adaptive mechanism to shift energy resources from growth and development toward metabolic processes essential for survival (32) . As insulin levels did not change in our probands, the increase in IGFBP1 and -2 at HA seems to have resulted from hypoxia and not from hypoinsulinism.
Our study has some limitations: first, the design restricted by environmental factors does not allow for a clear differentiation between effects resulting from hypoxia or from anorexia. Teleologically and what is known so far, physical exercise and hypoxia would stimulate hormonal responses to increase substrate supply, counteracted by energy-saving mechanisms provoked by HA-induced anorexia. Even though food intake according to dietary recall protocols was basically appropriate, adjustments to individual needs may occasionally have led to an inadequate caloric supply. Therefore, the influence of caloric variation on hormonal changes cannot be quantified, and the causative role of hypoxia needs to be interpreted with caution. For further insight, experimental studies, e.g. in a hypobaric hypoxic chamber providing controlled caloric consumption, would be desirable. Secondly, our ghrelin assay estimated total ghrelin levels without differentiation between biologically active acyl and desacyl ghrelin, which is the most abundant proghrelin peptide (O90%) in plasma (33) . Thirdly, single measurements do not accurately reflect pulsatile secretion of ghrelin and GH. However, serial blood investigations or provocative tests are practically not feasible in a large number of subjects under extreme conditions such as very HA.
As to further potentially confounding factors, effects from hypoxia on daily rhythms need to be considered. Hypoxia modifies the circadian oscillations of important variables such as body temperature and metabolic rate leading to perturbation of a variety of dependent other functions, e.g. sleep (34) . It is well known that sleep architecture changes with altitude showing a decrease in slow wave sleep and an increase in incidents of periodic breathing (35) . However, as in our study timepoint C investigations were performed after an acclimatization phase of 2 weeks at HA and subjective sleep quality was reported as acceptable, we assume that the adaptation process had already stabilized at the time of the critical investigation. In line with this, a circadian pattern of urinary melatonin excretion with markedly increased nocturnal levels at HA could be demonstrated (14) . Given melatonin's key role in sleep regulation, its increase may have served to counterbalance the disturbed sleep-wake cycle at HA with a probable influence as a pacemaker on the control of many other circadian rhythms (36) .
We did not have the opportunity to investigate leptin levels. Published data have been somewhat inconsistent reporting an increase (12, 37) , a decrease (38) , or no change (13, 39) in leptin after ascent to HA. However, hypoxia has been shown to clearly increase leptin gene expression in adipocyte studies (40) . As suggested by Zaccaria et al. (38) , it therefore seems plausible that exposure to HA leads to a leptin increase, which causes a satiety signal to the brain contributing to anorexia and weight loss.
In conclusion, in our study that comprised the largest number of subjects investigated at very HA so far, we observed an increase in ghrelin and GH without a concomitant increase in GHBP, IGF1, IGF2, IGFBP3, and ALS levels after 2 weeks of exposure to very HA. IGFBP1 and IGFBP2 rose significantly, suggesting a change in IGF bioavailability. Our findings support the present concept of HA adaptation and are in accordance with the current knowledge on ghrelin and GH physiology.
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